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Abstract 
Several dozen distinct alluvial fans, 10 to >40 km long downslope are observed 
exclusively in highlands craters. Within a search region between 0’ and 30”S, alluvial 
fan-containing craters were only found between 18” and 29”S, and they all occur at 
around f l  km of the MOLA-defined Martian datum. Within the study area they are not 
randomly distributed but instead form three distinct clusters. Fans typically descend >1 
km from where they disgorge from their alcoves. Longitudinal profiles show that their 
surfaces are very slightly concave with a mean slope of 2”. Many fans exhibit very long, 
narrow low-relief ridges radially oriented down-slope, often branching at their distal 
ends, suggestive of distributaries. Morphometric data for 31 fans was derived from 
MOLA data and compared with terrestrial fans with high-relief source areas, terrestrial 
low gradient alluvial ramps in inactive tectonic settings, and older Martian alluvial ramps 
along crater floors. The Martian alluvial fans generally fall on the same trends as the 
terrestrial alluvial fans, whereas the gentler Martian crater floor ramps are similar in 
gradient to the low relief terrestrial alluvial surfaces. For a given fan gradient, Martian 
alluvial fans generally have greater source basin relief than terrestrial fans in active 
tectonic settings. This suggests that the terrestrial source basins either yield coarser 
debris or have higher sediment concentrations than their Martian counterpoints. Martian 
fans and Basin and Range fans have steeper gradients than the older Martian alluvial 
ramps and terrestrial low relief alluvial surfaces, which is consistent with a supply of 
coarse sediment. Martian fans are relatively large and of low gradient, similar to 
terrestrial fluvial fans rather than debris flow fans. However, gravity scaling 
uncertainties make the flow regime forming Martian fans uncertain. Martian fans, at 
least those in Holden crater, apparently formed around the time of the Noachian- 
Hesperian boundary. We infer that these fans formed during an episode of enhanced 
precipitation (probably snow) and runoff, which exhibited both sudden onset and 
termination. 
1. Introduction 

Alluvial fans are discrete landforms created by the deposition of loose, water- 
transported material forming broad, gently sloping ramps radiating from mountainous 
drainage outlets emerging into low-relief basins. They are often found on the Earth along 
tectonically active mountain-front desert settings where strong relief contrasts and the 
infrequent precipitation and runoff have prevented the formation of through-flowing 
drainage systems. When water is available to these drainage basins, it commonly arrives 
in the form of intense cloudbursts or sudden snowmelt flash floods. This results in the 
rapid transport of coarse material, which comes to rest near the drainage outlet both 
because of the sudden reduction of stream power as it emerges from its confining outlet, 
and the ephemeral nature of the floods. Successive sheets and lobes of material 
transported in this manner build up over time to form a fan. The sediment-source 
drainage basin that feeds a given fan is considered an integral part of the fan system, as 
the size and shape of the basin, as well as the mechanical properties of the sediment it  
provides, has a significant effect on a fan’s morphology. Fan systems also form in 
humid climates where the juxtaposition of high and low relief topography is caused by 
lithologic contrast [Hack, 1965; Kochel, 19901. 

Terrestrial alluvial fans have been widely investigated since the later part of the 
nineteenth century, particularly in the last 50 years, resulting in over 200 peer-reviewed 
studies. In a historical review Lecce [1990] noted that modern fan research initially 
produced two fan development hypotheses: (1) the evolutionary hypotheses, which held 
that fans are transient features, forming during early stages toward landscape maturity, or 
as part of a long time-scale cycle, akin to a Davisian “geomorphic” cycle [e.g., Eckis, 
1928; Lustig, 1965; Beaty, 19701; and (2) the equilibrium hypothesis, which contended 
that a state of dynamic equilibrium exists, where the rates of deposition and erosion on 
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1960; Denny, 1965, 1967; 
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fans were essentially equal over some time scale [e.n., Hack, 
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Hooke, 19681. The equilibrium hypothesis was nuanced by 
time-scale fan deposition and erosion rates may fluctuate around a m&n condition that 
itself changes over longer time scales [e.g., Schumm and Lichty, 19651. It was also 
recognized that that climatic change and variable tectonic activity complicated the 
equilibrium hypothesis [e.g., Bull, 1972, 19911. Modern research has deemphasized 
searching for a single conceptual model towards elucidating the roles of climatic, 
hydrologic, tectonic and lithologic factors controlling fan development, and moved 
toward evaluating these individual controls on fan development. Overviews of current 
research into alluvial fan processes and forms in arid environments can be found in Blair 
and McPherson [1994] and Harvey [1997]. Particularly relevant to this study have been 
investigations into the role of the type and size of source sediment in fan morphology 
[e.g., Bull, 1962; Harvey, 19901, the role of infrequent large-magnitude precipitation 
and/or flood events [e.g., Beaty, 1974; 19901, and the relationship between source basin 
morphology and fan properties [e.g., Harvey, 19971. 

Although the existence of depositional basins was hypothesized from Viking 
images [e.g., Goldspiel and Squyres, 1991; Grant, 19871, higher-resolution MOC images 
and MOLA topography have allowed more definitive characterization of alluvial 
depositional landforms [e.g., Craddock and Howard, 20021. Craddock and Howard 
[2002] noted that Martian degraded crater floors slope towards the crater center with 
gradients that are lower than alluvial fans in the Basin and Range and Mojave Desert 
region, but are equivalent to low gradient alluvial surfaces and basin fills in humid 
environments (e.g., the Rocky Mountain-Great Plains transition, fans in the Shenandoah 
Valley), and alluvial fans in low relief basins in Arizona and northern Nevada. Craddock 
and Howard [2002] also reported that MOLA profiles show that a number of isolated 
massifs are bordered by surfaces sloping away in all directions with gradients typical of 
terrestrial fans formed of debris shed from adjacent mountains. They argued that while 
the original shape and size of the massifs is uncertain, the massifs appeared to have been 
steepened and backwasted by the development of steep, hierarchical valleys with debris 
from these massifs apparently spreading into alluvial fans radiating from the massifs. 

In addition to a preliminary report [Moore and Howard, 20041 of the alluvial fans 
examined in this study, there have been several other recent investigations that have 
touched, to various extents, on Martian alluvial fans. Crumpler and Tananka [2003], in 
geologic mapping of the mountainous southern rim (Libya Montes) of Isidis Planitia, 
interpreted dissected ramps of material descending from the flanks of massifs and ridges 
into intermontane plains, which they give the name "fluted and dissected material," as 
alluvial fans. It had been suggested that ramps, mesas and knobs situated in craters 
where inflowing valleys breach crater walls could be alluvial fans or deltas, based on 
studies of Viking orbiter images [Cabrol and Grin, 20011, but, due to the resolution and 
topographic limitations of the data, such interpretations could not be verified by evidence 
of unambiguously fluvial channels or fluvial stratigraphy on these landforms. Based 
upon high-resolution MOC images Malin and Edgett [2003] and Moore et al. [2003] 
describe and analyze a fluvial or alluvial delta (located at 24.1°S, 33.9"W) and its 
drainage system, citing it as the first unambiguous evidence for fluvial, layered deposits 
on Mars. Pondrelli et al. [2004], in an abstract postulating the evolution of Martian 
paleolacustrine systems noted, as did Moore and Howard [2004], the presence of large 
alluvial fans in Holden crater. In a separate abstract to the same conference Williams et 
al. [2004] discussed numerous pristine, uncratered, km-scale features interpreted to be 
alluvial fans found along the inner rim of a -60 km-diameter crater provisionally named 
"Mojave" (7.6"NY 33.0"W) that have not been observed elsewhere on Mars. This study 
describes the morphology, setting, age range, and other remotely sensed characteristics of 
a class of alluvial fans on Mars that are older and larger (>lo km long) than those 
described by Williams et al. [2004]. We produce statistical analysis of several 
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morphometric aspects of these fans and compare them to analogous statistics for 
terrestrial fans. We discuss the amounts and rates of water necessary to create these fans 
and the types and size of source sediment. We speculate on the implications of their 
geographical and temporal range limits. We conclude with ruminations on what these 
fans may imply about the Martian climate at the time of their emplacement. 
2. Observations 
2.1. Geologic Setting 

The alluvial fans investigated in this study were initially recognized in -100 
m/pixel daytime thermal infrared (IR) Thermal Emission Imaging System (THEMIS) 
images we have been systematically surveying as part of a broader study of highlands 
basins and their deposits [e.g., Moore et al., 2003; Howard and Moore, 2004al. The size, 
their grossly undulate shape, and the fine-scale textures on the fans studied here 
prevented their recognition in earlier lower-resolution comprehensive coverage from 
either the Viking orbiter cameras or the Mars Global Surveyor (MGS) Mars Orbiter 
Camera (MOC) wide angle (WA) "geodetic" survey. There is some coverage of these 
fans in MOC narrow angle (NA) images and in THEMIS -20 &pixel visible light (VIS) 
images, which are useful for texture studies once the fans are recognized in the THEMIS 
IR coverage. The fans of this study are, for the most part, large enough to have been 
adequately sampled by the Mars Orbiter Laser Altimeter (MOLA) aboard MGS, which 
we have extensively utilized for our topographic descriptions and analysis of these 
features, It is the combination of THEMIS daytime IR images and MOLA topography 
that makes the interpretation of these features as alluvial fans unambiguous. 

Using available THEMIS daytime IR images (as of April 2004), we 
systematically surveyed all of Mars between the latitude of 30"s and the equator for 
alluvial fans. We limited ourselves to this latitude band because heavily cratered terrain 
in the Northern Hemisphere (Arabia) is pervasively mantled [e.g., Christensen, 1986; 
Moore, 19901. Likewise terrain southward of 30"s was not examined because of the 
onset of the pervasive Amazonian mantle (e.g., Soderblom et al., 1973; Head et al., 
2003). All the alluvial fans we found were within 18 craters, mostly larger than 60 km in 
diameter (the 3 exceptions being craters 38, 30 and 23 km in diameter) containing 
recognizable alluvial fans (Fig. 1).  Alluvial fan-containing craters were only found 
between 18" and 29"S, and they all occur at around f l  km of the MOLA-defined Martian 
datum. Within the study area they are not randomly distributed but instead form three 
distinct clusters: (a) southern Margaritifer Terra (1 8-28"S, 18-32"W); (b) southwestern 
Terra Sabaea (19-28"S, 322-347"W); and (c) southwestern Tyrrhena Terra (21-29"S, 
276-294"W) just north of Hellas Planitia. 

In order to evaluate the frequency and distribution of alluvial fans in craters, we 
started with the 218 craters between 500 and 70 km in diameter identified in the Catalog 
o f h r g e  Martian Zrnpact Craters [Barlow, 19871 in the study latitude band, of which 138 
of them were sufficiently imaged by July, 2004, to evaluate for the presence of alluvial 
fans. The vast majority of these craters show some degree of gullying and alcove 
formation on their rims, but their floors are generally crater-dotted but otherwise 
featureless plains, and their overall relief is significantly less than that of more pristine 
craters of the same size. Many craters of this size appear infilled, mantled, and 
moderately-to-heavily degraded by smaller impacts. Kasimov (centered 24.9"S, 
337.loW, diameter 90 km) and its immediate neighbors are typical examples of these 
degraded craters, with Kasimov being the least degraded among those shown in Figure 2. 
The 15 craters in this sample that did possess alluvial fans are generally less infilled, 
mantled and degraded and exhibited greater relief than craters devoid of discrete 
recognizable fans. However there are five large craters (2 70 km diameter) that have 
very pristine morphologies including the preservation of small features in their ejecta and 
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floors. They show no sign of fluvial dissection on their rims or alluvial fans on their 
floors. These fresh craters have terraced rims with, at most, minor talus. Oudemans 
(centered 10°S, 268"W, diameter 125 km) is the largest example of these pristine craters 
(Fig. 3). These observations suggest that the fans predate the most recent and pristine 
large Martian impact craters, but they are also rare on highly degraded impact craters. 
We speculate that the low rim relief of highly degraded Noachian craters prevented 
alcove erosion and fan formation, but a few late Noachian impact craters retained rims of 
sufficient steepness and height for fan formation during an intermediate time period on 
Mars (possibly at the Noachian-Hesperian boundary, as we discuss below). 
2.2. Alluvial Fans and their Host Craters 

Most of the craters in which alluvial fans are found have not been named. 
Therefore, we have given these craters arbitrary letter designations (Figure 1, Table 1). 
The few fan-containing craters with names were given letter designations based on the 
first or second letter in their name. Likewise, individual fans evaluated in this study were 
given a number, which combined with the host crater letter, uniquely identifies them 
(Table 2). Thirty-one representative fans in the 18 craters were selected for 
measurements of morphometry using MOLA data (Table 2). The primary criterion for 
selection was the ease of recognition in images and MOLA data of the contributing 
upland basin and lateral and terminal fan boundaries 

All fans in this study head out of steep-walled scalloped alcoves and rarely is 
there evidence for flow from beyond the crater rim into alcove heads, indicating the fans 
are usually composed of the material eroded to form the alcove, and the alcove is the 
catchment. A typical example of a fan in this study is shown in Figure 4. The fan (Al) 
occurs in 99-km-diameter crater A (centered 19.5"S, 39.5"W), which contains several 
other fans. The A1 fan appears to have had the last active deposition within this crater, as 
its periphery superposes all others. Crater A has an interior -70-km-diameter flat floored 
depression offset to the north -10 km predating the fans that probably is another impact 
crater that excavated into the 99 km-diameter basin. The superposition resulted in an 
anomalous steeper and deeper north rim of the basin complex where the fans occur. The 
southeast rim of crater A is altered by a 16-km-diameter crater whose ejecta covers, and 
thus post-dates, all the fans in crater A. Crater A's own ejecta is cut by secondary craters 
from 140-km-diameter Holden located -380 km to the southeast. The alcove of A1 is 
-10 km long downslope and -15 km wide across its spur-and-gullied back walls. These 
back walls have -1 km relief and typically slope -15". Fan A1 exhibits the classic tear 
shape in plan view, some 25 km at its widest point. The fan descends some -1250 m 
from where it disgorges from the alcove (Le., the apex). A longitudinal profile of fan A1 
shows that its surface is very slightly concave with an average slope of 2" over a 
downslope distance of -40 km (Fig. 4c). The distal portion (or toe) of this fan is partially 
covered by a dune field. Fan A1 exhibits very long, narrow low-relief ridges radially 
oriented down-slope, often branching at their distal ends. We interpret these ridges to be 
remnants of the distributary channel system of the fan. Nighttime THEMIS IR images of 
the fan A1 (Fig. 4b) indicate that these ridges are warmer and thus have a relatively 
higher thermal inertia than their surroundings, implying that they are composed of 
coarser or more indurated material than the materia1 immediztely surrounding thcm. 
Nighttime IR images of other fans indicated that this is common. Notably missing from 
this and all other Martian fans of this investigation are the small, surficial, often 
branching gullies found on terrestrial fans caused by precipitation and runoff acting 
directly on the fans themselves and completely unassociated with flow from the fans' 
superjacent catchment. 

Alluvial fan deposits cover their hosts crater floors to various degrees up to the 
end-member state represented by 66-km-diameter crater L (centered 23.0°S, 285.7"W), 
whose floor is completely covered exclusive of the central peak (Fig. 5). Seven of the 



5 

fans are large and discrete enough in MOLA derived digital terrain models (DTMs) to be 
used in our fan statistics (Table 2). A high quality MOC NA image traverses two fans 
(Ll and L4) in this crater allowing observations of fan surface texture at hectometer scale 
(Fig. 6). Ridges oriented radial to the fan apex (oriented downslope) cover the fan 
surfaces. Some of these ridges occur in pairs, suggesting that they are channel levees 
(white arrow in Fig 6a). The periphery of fan L l ,  as it abuts crater L's central peak, 
forms a low -10-20 m wide terminal ridge in places, which diminishes until it cannot be 
seen in the -5 dp ixe l  coverage (black arrow in Fig. 6a). Several other less distinct 
ridges on the fan parallel the terminal ridge. The fan deposits continue beyond the 
northwest face of the central peak (and out of the image) where they exhibit slightly 
sinuous leveed troughs with apparent bifurcations. Local lows appear either smooth (Fig. 
6a) or else contain many small parallel ridges (Fig 6b) which presumably are aeolian 
ripples or small dunes, indicating that the fan deposit is mantled by modern, wind 
transported materials probably to the depth of several meters in low spots. The surface of 
fan L4 is dominated by this modem aeolian material texture (Fig. 6b). The ridges seen in 
the MOC image of fan L4 are oriented downslope and rarely form pairs, unlike the levees 
in Figure 6a. Individual ridges are -40 m across and up to -2 km long. Some ridges 
appear to cross cut others. Also some prominent ridges appear to have terraced flanks. 
The overall ridge pattern shows undulations in plan view. Craters up to -500 m in 
diameter sprinkle the fans' surfaces. All these craters appear infilled and some are solely 
expressed by muted rims. 

The fans of 145-km-diameter Holden crater (centered 26.3"S, 33.9"W) are large, 
numerous (at least 16), are laterally integrated into a bajada complex, and have interacted 
with an apparent fluvial-lacustrine system fed by Uzboi Valles that entered on the 
southwest side of Holden and exited through a breach in the eastern wall (Fig. 7). The 
fans of the western and northern rim are especially large. The fans' morphology suggests 
an extended period of depositional activity that started prior to and extended through the 
time period of the throughflowing fluvial-lacustrine system. All but a few fans receiving 
late stage, apparently post-Uzboi deposition (e.g., Fan H1, see Fig. 11 for location) have 
noticeably trimmed toes, presumably by the through-flowing fluvial system. The 
formation of prominent fan head entrenchment on the Holden fans may be the response to 
removal of material from their lowest peripheries [e.g., Mack, and Leeder, 19981. 
Several fanheads near the entrance of Uzboi Vallis into Holden are dissected by flat 
floored channels, with a main fanhead trench that that branches into a network of 
distributary channels (Fig. 8). As these fans form on inward-facing crater rim walls, they 
inevitably nearly all coalesce to form uneven bajadas. Locally, highly dissected terrain 
(outlined In Fig.7) at the foot of the crater wall appears to define an early stage of fan 
deposition, which was subsequently eroded during later fan emplacement. The fans of 
the south rim are more isolated and small relative to those in the west and north. These 
southern fans also have trimmed toes. There appear to the no fan deposits along the east 
rim. The upper components of layered deposits (seen in MOC NA images, Malin and 
Edgett, 2000a) exposed by "Uzboi" erosion just inside and paralleling the south rim of 
Holden may, in part, be composed of in-place alluvial fan deposits as these layers appear, 
in some cases, emerging from the scarps of the toe-trimmed fans. 

The Martian alluvial fans described thus far have generally been similar to each 
other in overall morphology. They typically have roughly constant gradients of -2", 
tended to be tear or wedge shape in plan view, in which the length and greatest width 
have been around a factor of two of each other, and have textures usually dominated by 
downslope ridges, In contrast, the fans of 157-km-diameter Bakhuysen (centered 23.2"S, 
344.2"W) have no hectometer scale texture, tend to have very low or no distal lobe 
bounding scarp, have noticeably concave longitudinal profiles with gradients of ~ 0 . 4 "  to 
1.5", and have relatively large, relatively high-order source channels (Fig. 9). The source 
channels incise pre-existing smooth and presumably sediment filled basins as they travel 



from their catchments to the fans. However, expression of channels on the fans is either, 
at best muted, or non-existent, although isolated patches of older material surrounded by 
a fan will be channeled. These fans may be transitional between the class of fans such as 
are seen in craters A, L and Holden, and the alluvial or fluvial delta reported by Malin 
and Edgett [2003] and Moore et al. [2003]. The fans of 90-km-diameter crater G 
(centered 27.59"S, 276.74"W) are similar to those of Bakhuysen except that they have 
well defined downslope ridge and trough textures (Fig. 10). A fan (D in Fig. 10) down in 
from the south rim of crater G might correctly be classified as a delta. 
2.3. Fan Morphometrics and Comparison with Terrestrial Fans 

The excellent preservation of the fans discussed here permits measurement of 
many of the morphometric characteristics that are commonly used to analyze terrestrial 
alluvial fans. Terrestrial fans are typically characterized by the relationship between fan 
gradient or fan area and such factors as catchment area, basin relief, and sediment grain 
size (e.g. reviews in Blair and McPherson [ 19941 and Harvey [ 19971). In tectonically- 
active areas on Earth (e.g., in the Basin and Range Province) these relationships are 
complicated by tilting and faulting of the fan and catchment [e.g. Denny, 1965; Bull, 
19641, a situation apparently not a factor for the Martian fans. 
2.3. I Measurements. Although sedimentary characteristics of the Martian fans are 
uncertain, the gross morphometry of the fans can be readily measured from a 
combination of available Themis VIS and IR images and MOLA topography. For each 
of the craters containing fans we prepared MOLA topographic maps from individual orbit 
tracks in Precision Experiment Data Record (PEDR) data releases converted into a 
Digital Elevation Model (DEM) in the commercial program SURFER by natural 
neighbor interpolation to a resolution of 0.5 km square pixels. We utilized the original 
MOLA track data in order to examine individual MOLA profiles and to assess whether 
the density of data was sufficient to define the fan and headwater basin morphology. In 
an initial exercise we defined the catchment basin periphery and fan outline for eight fans 
from THEMIS IR images and compared measurements of fan and catchment area 
measured from the images with equivalent me,asurements made from 20-m contour maps 
produced in SURFER from the DEM data. The catchment basin was measured in the 
contour maps as delineated by its drainage divide. The lateral boundaries of the fan were 
generally well marked by aligned, abrupt contour planform bends at edge of the convex 
fan form. The base of the fan was defined as the location of the abrupt decrease of 
topographic gradient. The measurements agreed within 10 percent. The close agreement 
permitted us to measure areas for fans from contour maps for which THEMIS VIS or IR 
coverage was missing or incomplete. 

An important location on an alluvial fan is the upper end of the fan, or the apex, 
which separates the fan proper from the contributing drainage basin. We defined the fan 
apex as the location at which the planimetric form of contours changed downstream from 
concave (convergent flow) to convex (divergent flow). The apex as so defined is not 
necessarily the headward terminus of alluvial deposition, because continuing sediment 
aggradation commonly buries the lower portion of the mainstem contributing basin 
channel. 

Relief characteristics of the fan and contributing basin were measured by 
digitizing a topographic profile along the line of steepest descent from the divide of the 
contributing basin through the apex to the base, or terminus, of the fan. Within the 
contributing basin the profile started at a point on the drainage divide opposite the apex 
and at approximately the mean elevation of the terminal drainage divide, avoiding 
extreme high or low points along the divide. The downstream distance and elevation 
along this profile were measured at four locations: the contributing basin divide, the fan 
apex, the midpoint of the fan, and the fan terminus. 
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Two datasets were utilized for comparison with 31 Martian fans (Figs. 4d, 5b, 
11). For comparison with published data on terrestrial alluvial fans (Figs. 12-14) we 
measured the relief characteristics as well as fan and contributing basin areas. A separate 
collection of data on relief characteristics of terrestrial fans and alluvial surfaces as well 
as Martian crater floors was compiled by Howard and Craddock [2000] and Craddock 
and Howard [2002]. Because the bajada-like Noachian crater floors had apparent 
sediment sources from nearly uniformly distributed small gullies on crater walls, unique 
fans and contributing areas could not be distinguished. Similar relief data were collected 
for terrestrial basin deposits. These additional datasets are described below: 
2.3.1.1 Noachian degraded crater floors. Howard and Craddock [2000] and Craddock 
and Howard [2002] noted that the floors of strongly degraded Noachian craters that 
appeared to be flat-floored in Viking images actually sloped gently from the base of the 
interior crater rim to the crater center. They interpreted these to be depositional bajadas 
of sediment eroded from the rims. Measurements were made of 56 representative craters 
having basin floor gradients ranging from 0.25" to 2.2", averaging 0.74". These are 
designated Martian degraded craterfloors in figure captions. 
2.3.1.2 Terrestrial alluvial fans. Profile measurements were make through 55 terrestrial 
alluvial fans in tectonically active settings in the Basin and Range province of southern 
Nevada and California from 1:24,000 topographic maps. Fan lengths varied from 6 to 45 
km, with gradients from 0.56" to 6.6"' averaging 3.0". The relatively steep gradients 
probably result from both high basin relief and the coarse texture of the supplied 
sediment . 
2.3.1.3 Terrestrial low-relief alluvial surfaces. Fans and depositional plains were also 
measured in a variety of relatively stable tectonic settings. Locations varied from 
southern Arizona and New Mexico to northern Nevada, the Rocky Mountain region of 
Colorado and Wyoming and fans in the Shenandoah Valley of Virginia. Basin length 
varied from 3.6 to 96 km, and gradients ranges from 0.1" to 2S0 ,  averaging 1.0". 
Measurements were made from 1:250,000 digital DEM's. These are designated 
terrestrial alluvial surfaces in figure captions. 

Relief characteristics that were measured for each of these datasets include 1) 
average gradient from apex to fan base, 2) Contributing basin relief, 3) contributing basin 
average gradient from divide to apex, and 4) fan concavity. Fan concavity, B y  was 
measured by fitting a negative exponential function to the fan profile from apex to base, 
with the governing equation being: 

(1) 
where z is the local fan elevation, z ,  is the fan elevation at the hypothetical downstream 
base level, and x is the distance downstream from the apex at x,. Measurements of 
elevation and downstream distance were made at the fan apex, midpoint, and base, and 
these were substituted into the equivalent formula for fan gradient to estimate B: 

2.3.2 Results, In general both the Martian alluvial fans and the Noachian crater floors 
have morphometric characteristics that fall within the range of terrestrial alluvial fans or 
basins. In the terrestrial literature it is common to correlate fan gradient with contributing 
basin area. In Figure 12 the Martian alluvial fan data is superimposed upon published 
terrestrial relationships, showing that, as with terrestrial fans, larger contributing areas are 
associated with smaller fan gradients. For a given drainage area, the Martian fans are 
generally gentler than terrestrial fans in active tectonic settings (Death Valley Region) 
which generally are composed of coarse gravel and are steeper than California Coast 
Range fans that are composed of much finer sediment. 

z = z,+ (zd- z,)exp[-B(x-x,)l , 

dd&= S = -B(z-z,). (2) 
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The relationship between fan gradient and contributing area has also been used to 
distinguish between fans formed by fluvial deposition versus mud flows. Terrestrial 
debris flow fans tend to be steeper than fluvial fans for the same contributing area, and 
most large alluvial fans are fluvial (Fig. 13). The Martian fans, being large and relatively 
gentle, fall within the terrestrial fluvial portion of the plot (Fig. 13). 

Another common comparison in the terrestrial literature is to compare alluvial fan 
size to that of the contributing basin (Figure 14). Martian fans tend to be larger relative 
to their contributing area than terrestrial fans. One reason for this may be the strong 
limitation on contributing basin size imposed by the crater rims. The lack of tectonic 
deformation in the case of Martian craters may also have permitted fans to grow to 
relatively large size. 

Terrestrial alluvial fans and alluvial surfaces as well as Martian alluvial fans and 
Noachian degraded crater floors show a positive correlation between the depositional 
basin gradient and the contributing basin gradient (Figure 15). The Martian alluvial fans 
generally fall on the same trend as the terrestrial alluvial fans, whereas the gentler 
Noachian crater floors are similar in gradient to the low relief terrestrial alluvial surfaces. 

In both terrestrial and Martian alluvial deposits there is little correlation between 
contributing basin relief and depositional basin gradient (Figure 16). However, for a 
given fan gradient, Martian alluvial fans generally have greater source basin relief than 
terrestrial fans in active tectonic settings. This suggests that the terrestrial source basins 
either yield coarser debris or have higher sediment concentrations than their Martian 
counterpoints. 

The Martian alluvial fans have relatively low profile concavity (Figure 17), 
although there is a tendency for concavity to be greater for steeper fans. This low 
concavity is similar to the concavity of terrestrial alluvial fans in active tectonic settings. 
By contrast, on the average, Noachian degraded crater floors and low relief terrestrial 
alluvial surfaces exhibit higher concavities. 
2.4. Age 

Determining the age of the fans under investigation directly from crater statistics 
is difficult, largely because of their small size. All the fans, regardless of location, have 
numerous small craters on their surfaces where seen in - 17 dpixe l  THEMIS VIS or 2-5 
dpixe l  MOC NA images (e.g, Fig. 6), indicating that they are not “modern,” unlike the 
small gully and debris aprons of the mid latitudes first reported in Malin and Edgett 
[2000b], which are uncratered, or the small uncratered fans recently reported by Williams 
et al. [2004]. All fan-containing craters are found exclusively within Noachian terrains in 
the global mapping of Guest and Greeley [1986] and Scott and Tanaka [1986]. 

Using available (as of July 2004) THEMIS daytime IR coverage of these fans, 
and assuming that the fans were essentially contemporaneous (which is, itself not strictly 
demonstrable), the total crater count area of fans is 14,128 km’, on which there are 31 
craters 2 1 km in diameter. Applying the square root of two uncertainly to this statistic 
yields a density probability of 31 f 5.57, or normalized to a standard crater counting area 
gives a value of 2194.18 f 394 craters 2 1 km per lo6 km’. Using this value and its 
uncertainty with the new crater density-to-age relationship reported in Hartmann and 
Neukum [2001], the nominal age of the fans is 3.35 GA (mid Hesperian), with an 
uncertainty range from 3.7 GA (Noachian-Hesperian boundary) to 1.6-1.1 GA (mid 
Amazonian). The age of the fans derived from crater statistics may be a minimal value, 
as the fans may have had protective aaeolian-transported mantles for long periods after 
they were formed, preventing impacts from marring the surfaces we see exposed today, 
as was apparently the case with a delta-shaped fluvial deposit located in a small basin just 
north of Holden [Moore et al., 20031. 
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The fans, at least in the southern Margaritifer Sinus region (MC-19), are probably 
not older than late Noachian, as they rest upon a late Noachian surface [Grant, 1987; 
20001. More constraining is the observation that many of the fans in Holden crater are 
cut by fluvial erosion associated with Uzboi Vallis, which Grant [1987, 20001 dates at 
very latest Noachian. If the other fans of this study are contemporaries of the Holden 
fans, then the epoch of these alluvial fans is approximately the Noachian-Hesperian 
boundary, a time when there may have been an increase in fluvial activity precipitated by 
a climate optimum [Howard and Moore, 2004bl. 
3. Discussion 
3.1. Fan Hydraulics and Sedimentology 

Terrestrial alluvial fans form from sediments ranging in dominant grain size from 
mud to coarse gravel and by flows ranging from debris flows to normal fluvial transport. 
Sediment size and flow type affect both the fan morphometry as well as surface features. 
In previous discussion we compared the Martian fan morphometry to their terrestrial 
counterparts. Inferences about flow processes and dominant grain size are hindered by 
post-depositional degradation of the Martian fan surfaces, lack of direct information on 
sediment grain size, and the lower gravity of Martian fans. The gravitational effects are 
particularly difficult to assess. Gravel-bed streams on Earth typically have gradients that 
are close to the threshold of motion for the dominant bed grain size [e.g., Howard, 19801. 
Scaling analysis suggests that gravitational effects on fluvial gradients at the threshold of 
motion should be minor [Pieri, 1980; Komar, 1980; Irwin et al., 20041. However, for 
equivalent discharge, channel dimensions, and gradient, sediment loads in sand-bed 
channels should be about 50 percent greater on Mars than on Earth [Irwin et al., 20041. 
However, sediment loads supplied from headwater channels may be smaller for 
equivalent discharges because headwater sediment entrainment depends upon flow shear 
stress [e.g., Howard, 19941, which will be lower on Mars. Both of these factors suggest 
sand-bed fan channels on Mars should have lower gradients than on Earth for equivalent 
source area relief. Debris flows may require steeper gradients on Mars than Earth in 
order for shear stresses to be large enough to exceed the yield strength of the debris flow 

For equivalent source basin size, the Martian alluvial fans are closer in gradient to 
the steep fans of Death Valley dominated by gravels than the fine-grained fans of coastal 
California (Fig. 12). Given that fine-bed alluvial channels might be gentler on Mars than 
Earth, we tentatively conclude that the Martian Fans are dominated by gravelly sediment. 
The low concavity of the Martian fans is also similar to that of the coarse-grained 
terrestrial alluvial fans of the Basin and Range province (Fig. 17). In addition, for a 
given average gradient in the source basin (Fig. 15) and for a given source basin relief 
(Fig. 16), both the Martian fans and Basin and Range fans have steeper gradients than the . 
Noachian degraded craters and terrestrial low relief alluvial surfaces, which is also 
consistent with a supply of coarse sediment. 

The mode of sediment transport (debris flow versus fluvial) is less certain. 
Terrestrial debris flow fans are generally both smaller and steeper than fluvial fans (Fig. 
13). The Martian fans, being both relatively large and low in gradient, fall within the field 
to terrestrial fluvial fans (Fig. 13). On terrestrial alluvial fans with mixed debris flow and 
fluvial sedimentation, the debris flows commonly are most prevalent on the upper 
portions of the fan and fluvial on the lower parts [Hooke, 19671, presumably because of 
the greater mobility of fluvial flows. The large size of the Martian fans requires flows 
capable of traversing 10’s of kilometers before depositing all sediment. However, the 
possible occurrence of paired levees on the Martian fans suggests debris flow 
emplacement, although fluvial fan channels also have low natural levees. Terrestrial 
fluvial fans generally display wide, multiply-branching distributaries, which are not 

slurry. 
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apparent on the Martian fans. However, the surfaces of Martian fans have been strongly 
modified by impact cratering and aeolian sedimentation, which might quickly mask the 
original channel network. Much of the visual contrast of active channels on terrestrial 
desertic alluvial fans occurs because of formation of desert varnish on inactive portions 
of fans. Varnishes may never have formed in the Martian environment and, if formed, 
would have been easily modified by subsequent aeolian abrasion. 
3.2. Implications for Paleoclimate 

The alluvial fans of this study are not features that could have formed during a 
single event, such as a catastrophic landslide. Their construction must have taken many 
years. To gain a sense of the minimum time to emplace a fan, we consider fan Al,  which 
as a surface area of - 500 km2. If we assume, after an inspection of the contour map of 
this feature (Fig.4d), an arbitrary but reasonable average thickness of this fan as -100 m, 
we get a volume of 50 km3. For this exercise we use a report of a 860,000 m3 deposit 
emplaced on an alluvial fan in the White Mountains of California during a single event 
derived from a catchment of 17 km2 [Beaty, 1970, 19901, ten times smaller than the 
catchment of fan Al .  If we sim 1 scale the White Mountains deposit by the catchment 
we have a value of 8.6 x km , which, if this amount of material was added every year 
to the construction of fan Al ,  it would take -5800 years to form this fan. Of course this 
ignores the real lapse time between successive deposits necessitated by the need to 
regenerate a new supply of loose detritus in the catchment susceptible to transportation 
by flash flood flushing, which in the White Mountains case results in a deposition event 
of the magnitude reported by Beaty [1970, 19901 recurring on average of every -320 
years. Recurrence rates for Martian fan deposits is unknown, but the implications of the 
terrestrial example is that Martian fans probably cannot form in less than a millennia and 
might reasonably be expected to at least take more on order of 100 millennia. If 
precipitation and runoff inducing climate is intermittent, the period of fan growth on 
Mars could be much longer. 

An extended period of fan development is also suggested by the history of fan 
deposition in Holden Crater, where fan development both preceded and followed the time 
period of flows from Uzboi Valles through the crater. Although a single, geologically 
short-lived event of complicated history could be proposed to produce such a history, 
similar terrestrial scenarios of fan evolution typically require millennia to millions of 
years. 

The feature of the Martian alluvial fans that most distinguishes them from 
terrestrial counterparts is their geographic restriction, both planet-wide and within craters. 
Fan-hosting craters have been found only within a narrow latitudinal belt, and only in 
three widely-separated crater clusters within that belt (Fig. 1). Within individual craters 
the fans almost universally originate from erosion of deeply incised alcoves in the crater 
walls. Most of the craters have alcove incision and fan deposition along at limited sites 
on the crater walls (e.g., Figs. 4, 10, 1 l), although a few support fans along half or more 
of the interior crater wall (Figs. 5 & 6). Possible reasons for geographic isolation include 
climatic factors, variations in crater wall lithology, unique physiography of fan-producing 
crater walls, and local triggering mechanisms, such as effects of nearby impacts. We 
discount the latter two mechanisms as realistic causes. Although craters hosting fans are 
limited to steep, deep craters of late Noachian age, we have no evidence to suggest that 
such craters are restricted to the three planetary locations that we have found fans. 
Similarly, within craters the crater walls producing alcoves and fans appear not to be 
universally associated with particularly steep or high locations on the crater walls, 
although this may be a factor in fan location in Crater A (Fig. 4). As noted above, the 
fans appear to have formed over an extended time period, so that it is unlikely that a local 
event such as a nearby impact or earthquake would have such long-lasting effects on fan 
formation. 

P Y  
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Variations in lithology are a possible contributor to the clustered pattern of fan 
development. Bolides impacting, for example, onto the margins of pre-existing basins 
might have significant circumferential variations in wall lithology ranging, perhaps from 
fractured igneous rocks to loose sediment. One suggestive situation is the development 
of isolated fans on the two sides of the crater wall separating two impact basins (Fans E l  
and E2 in Fig. 11). 

We view climatic factors as a potentially strong control on the geography of fan 
development. Simulations of precipitation on Mars using global climate models show 
strong geographic control of location [Colaprete et al., 20041. The fan cluster at 30"W is 
located on the divide between Argyre and the eastern Valles Marineris chaos and outflow 
channels, including the Uzboi channel system that was active during the time period of 
fan development. The cluster at 290"W is on the flanks of the Hellas basin that may have 
hosted a deep, ice-covered lake [Moore and Wilhelms, 20011, and the central cluster at 
335"W is at a topographic highpoint of the cratered highlands. The restriction of fan 
source areas to alcoves on the upper crater walls and the lack of apparent precipitation 
and fluvial incision on the fan surfaces may reflect microclimatic and orographic 
controls. Precipitation in mountainous terrain is strongly concentrated on local highs 
(e.g., mountain peaks in the Basin and Range province typically receive >400 m d a ,  
whereas basins often receive less than 100 m d a  [Prudic et al., 1995; Harrill and Prudic, 
19981). Thus upper crater walls should be favored for precipitation either as rain or 
snow. However, we find no evidence for universal association of fans with particular 
azimuths on the crater walls, which would be a strong indication of climatic control. 

The restriction of erosion and, possibly, runoff production, to specific alcoves on 
the crater walls may also reflect a positive feedback between alcove formation and local 
microclimate and hydrology. Steep basins enhance local mountain winds - updrafts in 
the afternoon and downvalley winds at night. These might interact with precipitation. In 
addition, for equivalent precipitation or snowmelt, runoff might be enhanced in  the 
alcoves due to steep topography and exposed bedrock. Deeply incised basins are also 
sheltered from sunlight during low sun incident angles - e.g., winter and times of low 
obliquity. The alcoves might be able to cold-trap thick snow covers during low obliquity 
periods and release runoff rapidly during high obliquity excursions. 

The localized nature of the alcove erosion responsible for fans is possibly 
suggestive of erosion due to preferential groundwater emergence within the alcoves. 
Such a source of runoff has been suggested for the smaller and more recent gully systems 
on Mars [Malin and Edgett, 2000bl. However, the physiography of the alcoves and fans 
is not supportive of groundwater sources. The rims of the relatively undegraded craters 
supporting fans, being local topographic highs, are unlikely sources for large quantities of 
groundwater. Several of the fans extend from alcoves eroded into the septa rims between 
adjacent impacts (Fans M1, E l  and E2 in Figure 11). In particular, the alcoves supplying 
Fans El and E2 abut against each other at a narrow divide. It is also questionable that 
groundwater could supply discharge at a rate sufficient to transport coarse sediment and 
create sediment-transporting flows that would extend across 10's of kilometers of fan 
surface. 

The lack of fan head trenching (exclusive of the fans in Holden), the fairly 
constant shapes and gradients, and the absence of changes in deposition centers on the 
fans of this study indicate that the last episodes of deposition occurred under a 
hydrological regime that was similar to that of its immediate predecessors. In other 
words, there is no evidence for a gradual decline in the final hydrological regime. By 
contrast, many if not most terrestrial fan systems show fan head trenching and 
translocation of deposition to the toe of the fans in response to changes from glacial to 
interglacial climate [e.g., Bull, 19911. There is no further fluvial modification of fan 
surfaces of even a modest scale. These fans formed in a climate that very abruptly ended 
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at least with respect to its ability to generate precipitation and runoff, something that is 
not seen on Earth. Equally noteworthy is the absence of evidence for antecedent fans of 
the slope, size and isolation of those of this study. Sediment deposits within mid- 
Noachian degraded craters are gentler (Figs. 15 & 16), more concave (Fig. 12), and 
derive from widespread dissection of the crater walls rather than incision of localized 
alcoves, resulting in planar rather than fan-shaped deposits. Indeed, some of the fans of 
this study have feeder valleys that incise pre-existing smooth and presumably sediment 
filled basins as they travel from their catchments (e.g. Bakhuysen, Holden), which 
otherwise exhibit no non-fan dissection. Taken together, this may imply that the climate 
preceding the era of the study fans was also not conducive to generation of steep, large, 
and isolated alluvial fans. 

A climate that suddenly stops supporting fan formation and may have just as 
suddenly commenced seems unlikely to be the consequence of a gradual decline in Mars’ 
ability to support an atmosphere-surface hydrologic cycle [e.g. Pollack et al., 1987; 
Squyres and Kasting, 19941. Perhaps better candidate climates are those ushered in by 
“cataclysmic” events that induce excursions from some steady state. If Mars had already 
evolved to a “steady state” climate that disfavored a hydrologic cycle conducive to the 
formation of this study’s fans by the time we speculate that they were formed 
(approximately the Noachian-Hesperian boundary), potential “cataclysmic” events that 
might induce sudden climate perturbations that have been dated to this time are outflow 
channels [e.g., Grant, 1987, 20001, large-scale volcanic eruptions [e.g., Scott and Carr, 
1978; Tanaka, 19861, and large impacts [e.g., Tanaka, 1986; Hartmann and Neukum, 
20011. The ability of outflow channel flooding to induce a period of precipitation and 
runoff was called into question by Moore et al. [1995]. Several studies have proposed 
that the release of volatiles by large-scale volcanic events can bring on a hydrologic- 
cycle-conducive environment; however, these events are usually ascribed to a time well 
prior to the Hesperian [e.g., Phillips et al., 20011. 

Carr [1989], and more recently Segura et al. [2002] have proposed that large 
impacts could induce a period of precipitation (andor ground ice melt) and runoff. Even 
if individual impact-induced precipitation and runoff episodes don’t persist long enough 
to form the fans of this study, the accumulation of the effects of many such events could. 
We searched for evidence (i.e., partially buried craters) of long (-lo6 yr-scale) hiatuses in 
fan growth but saw none. This, however, doesn’t mean that hiatuses didn’t occur, as the 
last episode of fan deposits in combination with subsequent mantling could easily mask 
any such evidence. Also, the Segura et al. [2002] hypothesis as it was originally 
presented required impact events much larger than those that we have evidence took 
place at the Noachian-Hesperian transition. Recent modeling by this group [e.g., 
Colaprete et al., 20041, however, indicates that impacts in the range of those seen to have 
taken place during the time of fan formation could produce several years to several 
decades of precipitation and runoff over a regional area. So, while the impact-induced 
climate change hypothesis looks promising, it does not explain why there was a long 
hiatus prior to the era of fan formation, as large impacts occurred throughout the 
Noachian. 
4. Future Work 

This study reports the observations of large alluvial fans on Mars, which have 
gone unrecognized until the acquisition of widespread 100 dpixe l  imaging and global -1 
kdpixel  topographic data. Alluvial fans, along with one or two unambiguous fluvial 
deltas, represent the only recognizable constructional water-lain deposits on Mars 
identifiable exclusively from orbital data. However, this study could not be 
comprehensive, due to the incomplete coverage of THEMIS daytime IR 100 dpixe l  
imaging that was utilized to survey fans at the time of its writing, and the self-imposed 
limits on the search area. Also, our dependence on MOLA data and the incomplete 
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available THEMIS coverage may have introduced a recognition bias against small fans. 
We did not examine in detail the complex interaction of deposition and erosion among 
the fans and the Uzboi fluvial system within Holden crater, which might be diagnostic of 
fan evolution there. Also an investigation of the scaling relationships among surface 
gravity, particle sizes, flow properties, and fan geometries were beyond the purview of 
our study. As comprehensive data from THEMIS, and as especially high-resolution 
topographic data from the High Resolution Stereo Camera (HRSC) aboard Mars Express, 
become available, it will be possible to complete the survey of Martian fans, more 
precisely measure their properties, and infer their implication for Martian climate history. 
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Table 1. Sizes and Locations of Allluvial Fans Bearing Craters Identified by This Study 
. 

Label Name Diameter (km) Latitude (S) Longitude (E)* 
A nn q - 3 1  ??n cc 

B BAKHUYSEN 157 23.21 15.82 
C none 69 20.65 324.28 
D none 37 18.25 323 

Ehorth) none . 92 23.61 28.02 
E(west) none 27 23.47 27.05 
Elsouth) none 58 24.65 28.28 

F none 50 27 27.3 
G none 90 21.59 83.26 
H HOLDEN 145 26.31 326.09 
J JONES 89 19.11 340.29 
K none 84 22.08 73.18 
L none 60 23 74.2 
M none 83 22.16 66.94 
N none 78 19.42 36.03 
P none 75 29.1 84.24 
R none 82 22.31 36.91 
S OSTROV 75 26.85 331.92 

Note: In this paper E longitude denotes the use of a planetocentric coordinate system, whereas W longitude denotes 
the use of a planetographic coordinate system. 

Table 2. Geomorphic Data and Locations of 31 Alluvial Fans Used for Statistics in Figures 12-17. 

Apex Catchment Catchment Catchment Fan Fan Fan Fan 
Relief Gradient Size Relief Gradient Length FAN Protile ~ p e x  

(Name) (east)* ( k m 2 )  (km) (degrees) ( km2) (km) (degrees) (km) 
LABEL Location Latitude Longitude Size 

A 4  

A2 
c 1  
D1 
D2 
E l  
E2 
E3 
E4 
E5 
E6 
H1 
H2 
H3 
J1 
K1 
K2 
L1 
L2 
L3 
L4 
L5 
L6 
L7 
MI  
M2 
M3 
P I  
P2 

:. s1 

W 
N 

NW 
SE 
N 
S 
W 

NW 
WN 

WtoE 
N 

sw 
W 

NW 
W 

E 
NW 
S 

SE 
s w 1  
SW2 

NW 
sw 
N 

NE 
NE 

9 4  4 1  

-21.52 
-20.34 
-18.09 
-18.41 
-23.91 
-24.31 
-23.62 
-24.84 
-23.32 
-23.56 
-24.96 
-26.43 
-25.88 
-18.32 
-21.35 
-21.66 
-22.73 
-23.04 
-22.76 
-23.45 
-23.37 
-23.31 
-23.14 
-21.47 
-21.68 
-22.36 
-28.49 
-28.54 
-26.23 

9-n cc 

320.09 
324.21 
322.89 
323.25 
28.15 
28.29 
27.18 
27.42 
27.07 
27.44 
325.71 
324.84 
324.85 
340.1 1 
72.68 
72.56 
74.46 
74.74 
74.03 
74.35 
74.58 
73.99 

67.22 
66.41 
66.53 

84.51 
331.52 

73.83 

84.07 

4 7n 

147 
220 
161 
48 
170 
I01 
23 
135 
103 
89 
162 
139 
408 
53 
255 
340 
126 
34 
159 
145 
112 
30 
113 
108 
90 
84 

177 
195 

308 

4n 

2.7 
2.2 
I .5 
0.9 
1.3 
0.9 
0.9 
1.7 
1.35 

1 
1.4 
2.1 
1.8 
1.8 
1.5 
2.3 
1.8 
0.9 
0.9 
1.3 
1.65 
2.2 
1.2 
1 

2.3 
1.9 
1.7 
1.8 
1.4 

c 1  

7.33 
9.14 
5.62 
8.96 
3.62 
4.16 
5.74 
3.57 
7.04 
4.87 
3.62 
8.18 
4.51 
9.29 
5.51 
5.06 

9.81 
3.53 
5.6 

7.09 
42.17 
10.82 
6.02 

5.8 

a 
8.56 
6.02 
9.05 
6.12 

c i c  

114 
226 
65 
41 
526 
396 
70 
207 
114 
236 
634 
231 
372 
326 
520 
564 
370 
46 
130 
225 
141 
29 
84 

405 
126 
177 
310 
256 
153 

4 c)1 

0.8 
0.3 
0.4 
0.7 
0.8 
0.76 
0.36 
0.7 
0.45 
0.6 
1 
1 

1.2 
0.9 
1.2 
1.1 

0.66 

0.2 
0.6 

0.55 
0.4 
0.6 
0.5 
0.6 
0.9 
0.7 
1.3 
0.6 

0.48 

4 0 1  

2.03 
1.3 

2.66 
5.67 
2.08 
1.67 
2.56 
2.16 
2.58 
2.08 
1.52 
2.53 
2.66 
2.21 
1.82 
1.82 
2.23 
3.21 
I .42 
1.96 
2.33 
3.59 
3.6 
1.48 
2.25 
3.24 
1.77 
3.21 
2.1 

90 7 

22.6 
13.2 
8.6 
7.0 

22.0 
26.1 
8.1 
18.5 
10.0 
16.5 
37.7 
22.6 
25.8 
23.3 
37.9 
34.5 
16.9 
8.6 
8.0 
17.5 
13.5 
6.4 
9.5 
19.3 
15.2 
15.9 
22.7 
23.2 
16.4 

s2 S -27.00 331.99 210 1.3 6.76 181 0.6 2.33 14.8 
* Note: In this paper E longitude denotes the use of a planetocentric coordinate system, whereas W longitude denotes the use of a 
planetographic coordinate system. 
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Figure Captions 

Figure 1. Distribution of alluvial fans identified in this study. The uppermost stripe 
covers all of Mars between the equator and 30"s. The next box down illustrates just the 
region between 270"W and 60"W. Within the study area fans are not randomly 
distributed but instead form three distinct clusters. The lower three boxes show the 
locations and our identification labels of the fan-containing craters: (I) southern 
Margaritifer Terra ( 18-28"S, 18-42"W); (11) southwestern Terra Sabaea ( 19-28"S, 322- 
347"W); and (111) southwestern Tyrrhena Terra (21-29"S, 275-294"W) just north of 
Hellas Planitia. Note that fan site E is actually a three-crater complex in which alcoves 
share walls (See Fig. 11). 

Figure 2. Kasimov (centered 24.9"S, 337.1°W, diameter 90 km) and its immediate 
neighbors are typical examples of degraded craters in the highlands portion of the study 
area, with Kasimov being the least degraded among those shown here. The vast majority 
of these craters show some degree of gullying and alcove formation on their rims, but 
their floors are generally crater-dotted but otherwise featureless plains, and their overall 
relief is significantly less than that of more pristine craters of the same size. Many craters 
of this size appear infilled, mantled, and moderately-to-heavily degraded by smaller 
impacts. 

Figure 3. Oudemans (centered lo's, 268"W, diameter 125 km) is the largest example of 
pristine craters in the study area. Oudemans and four other large craters (2 70 km 
diameter) have very pristine morphologies including the preservation of small features in 
their ejecta and floors. They show no sign of fluvial dissection on their rims or alluvial 
fans on their floors. These fresh craters have terraced rims with, at most, minor talus. 
Note, however, that Oudemans floor is mantled presumably by aeolian material, which 
may be an ongoing process. Also, its northwest wall has been destroyed by the formation 
of Noctis Labyrinthus. 

Figure 4. (a) A typical example of a fan in this study. [do we want to outline the 
contributing alcove?] The fan (A1 , outlined) occurs in 99-km-diameter crater A (centered 
19.5"S, 39.5"W), which contains several other fans. The A1 fan appears to have had the 
last active deposition within this crater, as its periphery superposes all others. (b) 
Nighttime THEMIS IR images of the fan A1 (Fig. 4b) indicate that these ridges are 
warmer and thus have a relatively higher thermal inertia than their surroundings, 
implying that they are composed of coarser or more indurated material than the material 
immediately surrounding them. Nighttime IR images of other fans indicated that this is 
common. (c) A longitudinal profile of fan A1 shows that its surface is very slightly 
concave with an average slope of 2" over a downslope distance of -40 km. (d) MOLA- 
derived topographic map of crater A showing the locations of fans A1 and A2. Map is 
135 km wide, contour interval is 50 m. 

Figure 5. (a) Crater L (diameter 66 km, centered on 23.5"S, 285.7"W) whose floor is 
covered by alluvial fans (except for the central peak). (b) MOLA-derived topographic 
map of crater L showing the locations of fans L1 and L4 among others. Map is 125 km 
wide, contour interval is 50 m. See Figure 6 for details. 

Figure 6. High resolution view of fan surfaces. These excerpts from a MOC NA image 
E05-01095 (original resolution 5.7 &pixel, image width is 2.9 km) reveal details on fan 
L1 (a) and fan L4 (b). (a) The terminus of fan L1 forms a low ridge (see black arrow), 
where it abuts the central peak. Also on fan L1, -100 m-wide shallow, slightly sinuous 
leveed troughs (see example between white arrows) with apparent bifurcations oriented 
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down slope (where the fan diverts around the NW flank of the central peak) are seen. (b) 
The surface of fan L4 is dominated by a modem aeolian material texture. The ridges 
seen here are oriented downslope and rarely form pairs, unlike the levees seen on Fan Ll .  
Individual ridges are -40 m across and up to -2 km long. Some ridges appear to cross 
cut others. Also some prominent ridges appear to have terraced flanks. The overall ridge 
pattern shows undulations in plan view. The center figure provides context for the MOC 
NA image, centered on 23.19"S, 286.02"W. North is up. Illumination is from the west. 

Figure 7. Holden crater (145-km-diameter, centered 26.3"S, 33.9"W) contains large, 
numerous alluvial fans (shaded), which are laterally integrated into a bajada complex, and 
have interacted with an apparent fluvial-lacustrine system fed by Uzboi Valles that 
entered on the southwest side of Holden and exited through a breach in the eastern wall. 
Locally, highly dissected terrain (outlined) at the foot of the crater wall appears to define 
an early stage of fan deposition, which was subsequently eroded during later fan 
emplacement. 

Figure 8. Several fanheads of alluvial fans in Holden, near the entrance of Uzboi Vallis, 
are dissected by flat floored channels. One main fanhead trench, in the upper half of the 
image, branches into a network of distributary channels. The formation of prominent fan 
head entrenchment on the Holden fans may be the response to removal of material from 
their lowest peripheries [e.g., Mack, and Leeder, 19981. (THEMIS VIS image 
V01762003, inset shows context for the original image, centered 26.49"S, 34.97"W, and 
the portion of that image shown here. North is up. Illumination is from the west.) 

Figure 9. In contrast to Figure 8, the fans of 157-km-diameter Bakhuysen (centered 
23.2"S, 344.2"W) have no hectometer scale texture, tend to have very low or no distal 
lobe bounding scarp (black arrows), have noticeably concave longitudinal profiles with 
gradients of <0.4" to 1.5", (there is 200 m of relief between the arrows in D) and have 
relatively large, relatively high-order source channels. The source channels incise pre- 
existing smooth and presumably sediment filled basins as they travel from their 
catchments to the fans. However, expression of channels on the fans themselves is either, 
at best muted, or non-existent, although isolated patches of older material surrounded by 
a fan will be channeled. (A) MOLA derived-DEM of Bakhuysen with THEMIS images 
superposed to provide context. Right outline shows the location of B, and left outline 
shows location of C. Nested left box shows the location of D. (B) portion of THEMIS 
daytime IR image 101573002, and (C) portion of THEMIS daytime IR image 107927003, 
both 32 km wide. (D) portion of THEMIS VIS image V07927004, 17.4-km wide. North 
is up. Illumination is from the west. 

Figure 10. The fans (white arrows point to their termini) of 90-km-diameter crater G 
(centered 27.59"S, 276.74"W) are similar to those of Bakhuysen except that they have 
well defined downslope ridge and trough textures. A fan (located at D) at the base of the 
south rim of crater G might be a delta. 

Figure 11. MOLA-derived Topographic maps (50 m contour intervals) showing the 
locations, along with Figures 4d and 5b, of the 31 Martian alluvial fans used for 
morphometric statistics. See Table 2 for individual fan locations and measurements. 

Figure 12. Martian alluvial fan data is superimposed upon published terrestrial 
relationships, showing that, as with terrestrial fans, larger contributing areas are 
associated with smaller fan gradients. For a given drainage area, the Martian fans are 
generally gentler than terrestrial fans in active tectonic settings (Death Valley Region) 
which generally are composed of coarse gravel and are steeper than California Coast 
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Range fans that are composed of much finer sediment. [terrestrial data in Figs 12, 13, 14 
are from Harvey, 1997.1 

Figure 13. Fan gradient verses contributing basin area. The Martian fans, being large 
and relatively gentle, fall within the terrestrial fluvial portion of the plot. Terrestrial 
debris flow fans tend to be steeper than fluvial fans for the same contributing area, and 
most large alluvial fans are fluvial. 

Figure 14. Fan area verses contributing basin area. Martian fans tend to be larger 
relative to their contributing area than terrestrial fans. One reason for this may be the 
strong limitation on contributing basin size imposed by the crater rims. The lack of 
tectonic deformation in the case of Martian craters may also have permitted fans to grow 
to relatively large size. 

Figure 15. Terrestrial alluvial fans and alluvial surfaces as well as Martian alluvial fans 
and Noachian degraded crater floors show a positive correlation between the depositional 
basin gradient and the contributing basin gradient. The Martian alluvial fans generally 
fall on the same trend as the terrestrial alluvial fans, whereas the gentler Noachian crater 
floor ramps are similar in gradient to the low relief terrestrial alluvial surfaces. [Figs. 15- 
17 data from our present measurements and Craddock and Howard, 20021 

Figure 16. In both terrestrial and Martian alluvial deposits there is little correlation 
between contributing basin relief and depositional basin gradient. However, for a given 
fan gradient, Martian alluvial fans generally have greater source basin relief than 
terrestrial fans in active tectonic settings. This suggests that the terrestrial source basins 
either yield coarser debris or have higher sediment concentrations than their Martian 
counterpoints. 
Figure 17. The Martian alluvial fans have relatively low profile concavity, although 
there is a tendency for concavity to be greater for steeper fans. Concavity is defined by 
fitting fan profiles to Equation 1. This low concavity is similar to the concavity of 
terrestrial alluvial fans in active tectonic settings. By contrast, on the average, Noachian 
degraded crater floor ramps and low relief terrestrial alluvial surfaces exhibit higher 
concavities. 
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